Abstract: In this work, an experimental and theoretical studies are given for the well-known process damping effect arisen in turning processes. This effect generally pushes the stability chart (lobes) to higher depth of cuts in low spindle speed domain and causes difficulties to predict the stability of stationary cutting (equilibrium of the process). The orthogonal cutting model presented and investigated here contains distributed delays due to the cutting force distribution on the rake face. The paper presents measurement set up to create and to track the oscillating cutting force for the identification of the model parameters. An extended model also investigated that explains the experimental observations.
INTRODUCTION
For continuous operation of automated manufacturing lines it is necessary to know about machining dynamics to keep the desired quality without any interruptions. To achieve this goal, the theory of regenerative vibrations has been used recently. The basic theory was developed in the middle of the last century by Tlusty and Spacek (1954) and Tobias (1965) . The theory needed the mathematics that was not well developed at that time. The generally used regenerative models to describe cutting processes (e.g. turning, milling, boring) still cause serious problems due to the infinite dimensional nature of the mathematical model behind (Hale (1977) ).
In the literature, one can find precisely verified models and theories for milling Altintas and Budak (1995) , Budak and Altintas (1998) , Insperger and Stepan (2002) , Bayly et al. (2003) , Zatarain et al. (2006) , Merdol and Altintas (2004) and Bachrathi et al. (2010) . The predicted stability domains were checked many times in practice for a wide range of technological parameters. Although many studies (Tlusty and Spacek (1954) , Tobias (1965) and Stépán (1989) ) dealt with the turning processes (or with the orthogonal cutting model) and even with its nonlinear description (Kalmár-Nagy et al. (2001) , Stépán (2001) , Nayfeh et al. (1997) , Dombóvári et al. (2008) and Insperger et al. (2008) ) the models have difficulties to predict the stability of stationary cutting.
The turning machines, in practice, are generally stiffer than the milling machines and they cannot reach as high speeds as the milling ones since they have to revolve highinertia workpieces. This means the spindle frequency of a turning machine is most often quite far from any modal Supported by the Hungarian Scientific Research Foundation OTKA Grant No. K68910. The oscillation cutting data were kindly provided by Prof. Y. Altintas, Manufacturing Automation Laboratory (MAL), University of British Columbia frequencies of the machine, that is, the large stable pockets ('lobes') predicted by the regenerative models are not reachable in practice. In the mean time it is difficult to predict the stability at the low speed range (compared to the modes) because the so-called process damping that has got significant attention in the research community (Altintas et al. (2008) , Tobias (1965) and Stépán (2001) ). So far, there is no reliable mathematical modelling for this effect, that is, we cannot predict why and how much the stability properties of the turning process improve at the low speed range.
In this paper, we are going to present a possible description of this effect using the short delay model in orthogonal cutting. Oscillation measurements confirm the expected behaviour predicted by a simple short delay model. In the second part of the paper we improve this model.
SHORT DELAY MODEL
The original version of this model is built around a one DOF Orthogonal Cutting Model (OCM) where just a mode q perpendicular to the surface is considered (see Stépán (1989) ). Consequently only the so-called friction force component F q of the resultant cutting force excites the system.
Model Description
The scalar equation of motion is
where the considered mode is characterised by the damping ratio ξ, the angular natural frequency ω n and the modal mass m. F q is the resultant force of the pressure distribution along the rake face in the contact zone s ∈ [0, l(t)] between the tool and the just separated chip flow, see in Fig. 1 :
where l 0 is the mean contact length. At this point, the model includes an empirical force model 2 Ω (here, D and Ω are the diameter and the angular velocity of the workpiece, respectively). This means there is no chip compression, that is, the mean chip thickness is equal to the desired chip thickness h 0 (Altintas (2000)). Moreover, the speed of the chip flow is approximated to be constant, thus, the spatial coordinate on the rake face s can be transformed to time coordinate ϑ (see Fig. 1 )
where σ is the time needed for a chip segment to reach the end of the contact zone. Besides, with this transformation the momentary chip thickness can be expressed as
assuming that it moves along the rake face. Here, the desired (theoretical) chip thickness and the regenerative delay are h 0 and τ = 2π/Ω. Using (1-5) the equation of motion of the original SDM has the form
where
. This is a nonlinear, distributed delay differential equation (DDE). As it was shown, in Stépán (1989) , the linear stability of (6) has similar characteristics as it was observed experimentally in turning, that is, the stability increases at low speed range (see Fig.  2 ).
Moreover, if the weight function ν ϑ (ϑ) is a general solution of an ordinary differential equation (ODE), the linearised form of (6) can be transformed to a higher order linear DDE with constant delays. This leads to additional coefficients for higher derivative terms similarly to the model developed by Altintas et al. (2008) , although higher than second order terms will also appear in SDM.
Fig. 2. Predicted stability chart using an exponential weight function
Below the presented stability limits ('lobes') the stationary cutting is asymptotically stable, while it is unstable above the lobes. The system looses stability with vibrations due to the Hopf bifurcation occurring at the stability limits (Fig. 2 ).
Oscillating Cutting Force
One can simulate the cutting force evolution (right side) of (6) in time to see the effect of the distributed cutting force or equivalently that of the distributed delay. In contrast with the original OCM with concentrated (point) cutting force, a hysteretic cutting force takes place around the desired chip thickness (equilibrium) h 0 (Fig. 3) . Thus, the cutting force does not oscillate along the empirical (stationer) cutting force characteristics, it is rather smaller (at growing part) or larger (at the decreasing part). This means that the cutting force has lag compared to the chip thickness variation (as was pointed out already in Tobias (1965) ). This can also be viewed as a dissipation in the system since the enclosed area H d expresses a negative work. Moreover, the slope k d of the principal axis Fig. 3 . Oscillating cutting force of the hysteresis ellipse deviates from the slope k c local tangent line of the stationer cutting force characteristics. This is an important property since the so-called cutting coefficient k c directly influences the lower boundary of the stability lobes in the stability charts (Stépán (1989) and Altintas (2000) ). Due to the consideration of the distributed cutting force, these two additional effects can stabilise and destabilise the system for certain parameter domains (w − Ω) depending on the shape of the weight function.
In case of an exponential weight function, the variation of the hysteresis ellipses can be followed along the lobe (see Fig. 2 ). Beside the technological parameters (w − Ω) used in the stability charts one can describe a certain position on the stability limits with the lobe number k, which is the integer part of frequency ratio of the vibration frequency ω and the spindle speed Ω
and with the phase shift ϕ between the delayed state q(t − τ ) and the present state q(t), which is ϕ = τ ω mod 2π. (8) In Fig. 2 one can follow how the shapes of the hysteresis ellipses changes for different frequency ratios and phase shifts. It can be observed, that the phase shift just scales the size of the hysteresis of the ellipse but it does not effect the slope. However, the frequency ratio manly effects the dynamic cutting coefficient k d rather than the hysteresis area H d . We may conclude that the dynamic cutting coefficients is the main cause of the variation in stability and this along the lines of the original OCM theory (see Fig. 2 ).
OSCILLATION TEST
There have been many attempts to measure the oscillating forces during metal cutting. Apart from the cases of cutting straight wavy surfaces, one of the first real oscillation test on regenerative vibration can be found in Tobias (1965) where the workpiece was externally excited in turning. The lag of the force and the hysteresis loop were also shown in this work for limited frequency ratios and phase shifts. More precise oscillation tests were carried out using externally excited tool in turning by Kegg (1965) and Wallace and Andrew (1965) .
The measurements is presented here were performed by means of a device designed in the Manufacturing Automation Laboratory (MAL) at UBC to perform tests for Altintas et al. (2008) .
Measurement Setup
We used a horizontal turning machine (hardinge superslant) where a Steel 1045 bar (D = 41.2mm) was fixed by the hydraulic chuck. A special device was tightened in the turret of the machine (see Fig. 4 ) which was suitable to excite the tool harmonically and to measure cutting force components at the same time. The whole fixture was designed to have one flexible mode perpendicular to the main shaft axis of the turning machine and it contained a piezo shaker that excited the tool. Furthermore, a laser displacement sensor (LNS) measured the tool motion perpendicular to the shaft. The force sensor unit was also self-made (MAL) which contained two kistler piezodynamometer (see Fig. 4 ). During the measurements the shaker used harmonic input from the function generator with frequency f S , besides, the tachometer-signal, the toolposition and the spatial components of the cutting force were collected by the data acquiring system cutpro (see http://www.malinc.com/). A parting tool was selected • rake angle. Parting operations were performed with feed f = 0.1mm/rev and depth of cut w = 1mm up to diameter d = 30mm to avoid significant changes in the cutting speed. The frequency ratios and phase shifts were set by varying both the cutting speed Ω and the external excitation vibration frequency ω = 2πf S . Because of some limitations, e.g. the maximum spindle speed of the machine (n < 4000rpm), the working range of the shaker (60Hz < f S < 110Hz) and some technological boundaries, the frequency ratios were chosen to be k = 4, 5, 6. In contrast to Altintas et al. (2008) , out of phase cuttings were performed and the phase shifts were chosen from the linear stability chart, that is ϕ ≈ π, 4π/3, 5π/3, 11π/6 (see. Fig. 2 ). Note that before the whole oscillation tests were carried out, static cutting force was measured with the same cutting conditions using a feed grid (f m = 0.05 : 0.01 : 0.15mm/rev) and overall static (friction) cutting force coefficient was identified (k c = 1360N mm −2 ).
Results
The measurement results are presented in Fig. 5a where besides the raw data (thin lines) a fit hysteresis ellipse (thick lines) and the tangent of the static force characteristic (thin straight line) are shown. One can immediately realise that the cutting force really oscillates around the static value, indeed, encircling a negative hysteresis area. Consequently, this is an additional dissipation in the system. In each column, the dynamic cutting coefficients k d are decrease for higher values of the lobe number k (7). This effect was predicted by the SDM.
However, two unexpected phenomenons can also be recognised like dynamic cutting coefficients seem to increase with higher phase shifts. If we extrapolate this observation till the regenerative phase shift ϕ → 2π the hysteresis ellipse seems turn into the 'force-axis', which means that the force keeps oscillating even for in-phase cutting (ϕ = 0, 2π, . . .) (8). This is in accordance with the experimental observations of (Altintas et al. (2008) ). In other words, the oscillating cutting force is not the result of the To check this, more detailed oscillation tests were done for k = 4, 5, 6 with the grid ϕ ≈ π : π/6 : 11π/6 in the regenerative phase shift. In Fig. 5b the amplitude function H(ϕ) (dashed line) of the instantaneous chip thickness h(t) is presented in the following sense
, where H(ϕ) = A h 1 − cos ϕ. In the same Fig. 5b we also represent the force amplitude f q (continuous line) against the regenerative phase shift ϕ by fitting a curve to measurement data denoted by dots. This curve must have similar structure as H(ϕ) since the cutting force depends on the chip thickness. However, the fit curve is slightly modified, actually, it is shifted by an additional phase shift φ a :
According to Fig. 5b the additional phase shift is ϕ a ≈ 20
• . We can also view this phenomenon as a cutting force originated in the difference of a somewhat less delayed tool position q(t − (τ − ϕ a /Ω)) and the present position q(t).
EXTENDED SHORT DELAY MODEL
Based an the above experimental observations a new distributed regenerative model is proposed here for orthogonal cutting. The effect related to the additional phase shift ϕ a (9) can be explained by considering the orthogonal cutting model similar to (Merachant (1945) and Albrecht (1965) ). The models suggest that the cutting force depends directly on the shear plane area defined as A φ (t) = wL φ (t), where w is the depth of cut, L φ (t) is the shear plane length (see Fig. 6 ) and φ is the shear angle. From geometry the shear plane length is
where the shear plane chip thickness is given by
) This will lead to a similar result as the measurement in (9). The so-called shear plane delay τ φ (t) is a tiny delay which is caused by the shear plane oscillation characterised by the momentary shear angle φ(t) and the shear plane length L φ (t). Clearly, the geometry of this configuration (see Fig. 6 ) gives the shear plane delay in the form
where q t (θ) = q(t + θ) and θ ∈ [−τ max , 0]. Consequently, the shear plane delay τ φ is actually depends on the 'state' of the system through the shear plane chip thickness h φ (t), which leads to an implicit definition via (10). The chip-flow moves along the rake face with the chip speed v ch = v c tan φ(t) (Altintas (2000) ). Although, there are studies about the shear plane oscillation (Stone et al. (2005) ) the momentary shear angle φ(t) is considered as an unknown function here and approximated by its mean value φ 0 . This way, we avoid further complications related to a varying chip speed. If it is the case, the spatial coordinate can be replaced by the local time ϑ, again just as it was explained in the classical SDM (4). Thus, along the contact zone, the shear plane chip thickness has the form
Since h φ,t (ϑ) = h 0 for stationary cutting, the static cutting force characteristic F (h) can be used in this model, too. Finally, the governing nonlinear equation with (11) becomes a state-dependent distributed DDE:
Note that, in spite of the state dependency of this nonlinear mathematical model, the linearisation at the stationary cutting will eliminate the state dependency, and the stability charts can be constructed with the same method as the chart in Fig. 2 .
Although, the stability investigation and the model fitting of (12) can be quite difficult and requires more sophisticated theorems than DDEs (see Insperger et al. (2008) and Bachrathi et al. (2010) ) the force oscillation can be plotted and the above mentioned behaviour can be realised.
CONCLUSION
In this study the conventional short delay model was reviewed and reconsidered. The classical interpretation was confronted with the series of measurements where a parting tool was excited by piezo shaker in 'close' orthogonal cutting conditions. The results confirmed the existence of hystereses loop in the cutting force against the chip thickness, and the variation of the slope (dynamic cutting force coefficient) as a function of the regenerative phase shift. A new SDM model was proposed to build up the connection between the classical chip formation models and the classical regenerative effect. In the centre of this connection is the shear plane and its variation during cutting. The resulting state dependent DDE takes into account additional phase shift observed in the experiments between the chip thickness amplitude variation and its cutting force counterpart against the regenerative phase shift.
